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 WHIM and its science 
 Observa.onal status of WHIM (Chandra, XMM, 
Suzaku) 

 Future WHIM study with DIOS (small version of 
Xenia) 

 WHIM study with IXO 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Thermal history of the universe 

WHIM (warm‐hot intergalac.c medium) will tell us the 
evolu.on of the hot‐phase material in the universe 



Baryon phase 
Wide area in the 
baryon phase space is 
unexplored 

EDGE consor.um 

Oxygen line probes the dark 
baryon efficiently 

Bregman 07 

Branchini et al. 09 



WHIM and galaxy evolu.on

 Amount of WHIM depends on enrichment 
history: such as strength of supergalac.c 
winds 

  X‐ray (WHIM) and UV (diffuse IGM) 
measurements can probe whole dark 
baryon in the universe 

 Absorp.on lines detect low‐density 
medium 

  Emission lines give us spa.al structure of 
high density group‐like regions

4 Dave+ 10 

WHIM 

Diffuse IGM 



Enrichment history
  Cluster Fe abundance may increase from z =1 to now (Balestra
+ 07, Maughan+ 08, Anderson+ 09) 

 O, Ne, Si enrichment occurred in earlier epoch? 
 WHIM metals (O) would constrain enrichment history in large 
scales 

  Conversion to metal abundance (O/H) needs some idea 

5 
Anderson et al. 09 

XMM 
Chandra 

XMM 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Cosmic 
structure 

Cluster gas (107K) IGM (105‐107K) 

Galaxies (~104K) 

size = 30 h‐1 Mpc 
  ≈ 5 deg at z=0.1 

Dark maler 

WHIM (105‐107 K) traces 
the cosmic large‐scale 
structure 
  = “Missing baryon” 

Typical maler density:  
δ (=n/〈nB〉)  = 10 ‐ 100 

Yoshikawa et al. 2001, 
ApJ, 558, 520 



XMM study of WHIM 
•  Werner et al. 2008: X‐ray bridge between A222 and 
A223 (z = 0.21) 
– kT ~ 0.9 keV, ρ/<ρ> ~ 150, con.nuum only 

•  Bregman & Lloyd‐Davis 2008: Local OVII absorp.on is 
due to Galac.c halo (not by Local group medium) 

A222‐A223 bridge 

EW vs M31 angle  EW vs GC angle 

? 



Chandra absorp.on study
  Sculptor wall: probably the 1st significant detec.on of 
redshised OVII absorp.on line  talk by T. Fang 

  Search of OVII absorp.on associated with OVI absorp.on 
clouds (Yao et al. 09): nega.ve  
 NOVII ≤  1015 cm

‐2 and NOVII < 10 NOVI: contrary to collisional 
ioniza.on case 

8 Yao et al 09 

Stacked Chandra gra.ng data for 6 AGNs: no 
OVII absorp.on at the OVI redshis 

Does OVI probe 
WHIM? 

X-raying the intergalactic O VI absorbers 7
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Fig. 4.— Four ranges of the final stacked spectrum that includes shifted spectra corresponding to all 16 O VI systems (Table 1).
The thick lines mark the best-fit continuum, the red lines and text mark the blue-shifted Galactic absorptions (mainly contributed from
PKS 2155–304 and 3C 273 sight lines), and blue vertical lines mark the positions of the expected intergalactic neon, oxygen, nitrogen, and
carbon absorption lines at the corresponding rest-frame wavelengths. The bin-size is 12.5 mÅ.
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Fig. 5.— Same as Figure 4, except that stacked spectrum contains only spectra corresponding to the complex O VI systems (Table 1).

TABLE 3
The 95% confidence upper limits of Kα absorption lines

line Ne IX O VIII O VII N VII C VI

λ (Å) 13.448 18.967 21.602 24.781 33.736

EW (mÅ)a 1.0(1.5) 2.2(2.6) 1.1(2.6) 1.2(2.0) 3.6(8.1)
log[N(cm−2)]a 15.04(15.29) 15.51(15.57) 14.62(15.12) 14.85(15.06) 15.06(15.71)

EW (mÅ)b 1.5(3.0) 2.3(3.0) 1.4(2.9) 1.3(3.0) 4.4(8.2)
log[N(cm−2)]b 15.28(15.71) 15.53(15.62) 14.75(15.15) 14.90(15.21) 15.15 (15.76)

EW (mÅ)c 3.8 3.1 3.95 4.3 8.0
log[N(cm−2)]c 15.75 15.63 15.19 15.33 15.36

Note. — Superscripts a, b, and c denote the upper limits obtained from stacked X-
ray spectra corresponding to all, complex, and strong O VI absorbers, respectively. Values
in parenthesis indicate limits constrained from the spectra without contribution from the
PKS 2155-304 sight line.



Baryon census

9 

M. Shull (High resolu.onX‐ray spectroscopy 2010) 

Based on OVI measurements 
Some part of OVI may be from Lyα forest (photoionized) 
COS observa.ons will clarify origins of OVI line 



Sculptor supercluster
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  z = 0.11 with > 20 clusters 
  Sos excess by ROSAT (Zappacosta+ 
05) 

 No excess by ASCA (Obayashi+ 98) 
 Upper limits on O lines 
 OVII < 7.5 × 10‐8 ph cm‐2 s‐1 amin‐2 
 OVIII < 3.9 × 10‐8 ph cm‐2 s‐1 amin‐2 

  Implied gas density 
 ρ/<ρ>   
     < 200 (L/2 Mpc)‐1/2(0.1/ZO)‐1/2 
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Sato et al. in prep.!

Sato et al. in prep 

Consistent with Galac.c and 
extragalac.c BGD 



Shapley supercluster
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  z = 0.048, 25 Abell clusters 
  Excess by ROSAT (Kull+ 99) 
 Upper limits on O lines 
 OVII < 1.2 × 10‐7 ph cm‐2 s‐1 amin‐2 
 OVIII < 5.6 × 10‐8 ph cm‐2 s‐1 amin‐2 

  Implied gas density from O line 
 ρ/<ρ>   
     < 290 (L/2 Mpc)‐1/2(0.1/ZO)‐1/2 

  Sugges.on of a 0.8 keV emission 
(assuming z = 0.048), which 
implies ρ/<ρ> ~ 360 

Mitsuishi et al. in prep 
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Fig. 5. The spectra of ON-FILAMENT (left) and OFFSET1 (right) regions fitted with
apec1 + phabs × (apec2 + apec3 + power − law), where the abundance of the additional plasma
(apec3 ) was fixed to 0.1 solar with z=0.048.
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Fig. 6. The upper limit of intensity of WHIM for O VIII emission line (left) and overdensity of WHIM
(right) with previous work.

the supercluster. The 2 σ upper limit corresponds to an overdensity of δ < 255
(

L
4 Mpc

)−1/2
with

respect to the mean dinsity of the Universe, according to the method of Takei et al. (2007). In

our case, we placed depth of line of sight 4 Mpc which is about equal to distance between ON-

FILAMENT and OFFSET1 region because obtained spectra are similar respectively. Similarly,

we constrained the overdensity of the WHIM emission lines. We introduced redshifted 4 gaus-

sian components to extract the intensities of redshifted O VII and O VIII emission lines. The

upper limit of O VIII line intensity at z=0.048 is 5.6 × 10−8 photon s−1 cm−2 arcmin−2. This

is the tightest limit compared to previous observations as shown in Fig 6 (left). If we as-

sume T=3 ×106 K, the temperature for the maximum emissivity of O VIII, the overdensity is δ

<204
(

Z
0.1 Z!

)−1/2 (
L

4 Mpc

)−1/2
(see Fig 6 (right) ).

10

kT = 0.8 keV 



Suzaku search for WHIM
  Suzaku is searching for WHIM emission in cluster outskirts 
and in superclusters, with no posi.ve detec.on of redshised 
O lines yet 

  Fairly low upper limits (δ < 200‐300 assuming line‐of‐sight 
depth of 2 Mpc and ZO = 0.1 solar) are derived 

  Suzaku will con.nue searching for WHIM emission

12 

No. ] Suzaku observations of the Sculptor supercluster 9
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Fig. 8. Comparison of O VII (left) and O VIII (right) surface brightness observed with XMM and Suzaku.
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Fig. 8. Comparison of O VII (left) and O VIII (right) surface brightness observed with XMM and Suzaku.



Dedicated X‐ray missions for WHIM 
search

13 

Summary!

!! Suzaku observations in cluster outskirts and in superclusters 

•! Constraint on the red-shifted OVII and OVIII emission lines 

  of 200 -- 300 times of the average baryon density  
        of the universe 

!! Future mission need further sensitivity for the WHIM 

•!  Higher energy resolution of ~ 1eV ( e.g. calorimeter) 

•!  Larger field of view of several hundreds cm2 

  WHIM could be detected through absorption or emission lines from the highly ionized 

ions, e.g., OVII or OVIII. Here we focus on the emission study.  Since emission intensity 

is proportional to ! 2, we investigated OVII and OVIII emission lines in cluster outskirts, 

i.e., the densest parts of the intergalactic filaments.  We used XIS onboard Suzaku, 

because of its large effective area around 0.5 keV and good line spread function.  

The location of the observed clusters and superclusters are indicated in Fig.3.

  We have so far not detected redshifted OVII or OVIII emission lines with significance.  We 

obtained tight upper limits on the intensities (Fig.4; see also Takei et al. 2007, Takei et al. 

2008, Fujita et al. 2008; Tamura et al. 2008).  The upper limits correspond to ! /<! > of

 ~ 300, if we assume T= 0.2 keV.  The sensitivity is below the Galactic OVII/OVIII 

intensities, and also below the levels previously claimed as detection.  Note that some of our upper limits are significantly lower than previously 

reported values of the same region.  It is due to the incorrect estimate of foreground emission in the previous studies; spatial and temporal 

fluctuation of Galactic foreground and solar-wind charge exchange emission introduces big uncertainties.  We minimized these uncertainties by 

performing offset observations and studying time variation of solar-wind proton flux. 

Fig.2: filamentary network of 

dark matter by a numerical simulation

Yoh Takei1, Takaya Ohashi2, Enzo Branchini3, Eugenio Ursino3, Alessandra Corsi4, Hajime Kawahara5, Hiroki Akamatsu2

    1: ISAS/JAXA; 2: Tokyo Metropolitan U.; 3: U. Roma Tre; 4: INAF; 5: U. Tokyo

P6.27

     About a half of the cosmic baryons in the local Universe are still missing.  Cosmological numerical simulations predict that most of the missing baryons reside in the 

cosmic large-scale structure as the intergalactic medium of T=105-107 K and ! /<! > = 10-1000.  They are called warm-hot intergalactic medium (WHIM).  Most of the 

WHIM could be probed with X-ray spectroscopy, although it is challenging at present due to the limited sensitivity of detectors.  Here we show our study of the WHIM 

based on OVII and OVIII emission lines.  Suzaku XIS observed the outskirts of several clusters and superclusters, to search the densest part of the cosmic filaments.  

Although no emission line is detected, the upper limits indicate that the sensitivity reaches to ~ 1 ph cm-2 s-1 sr-1, or ! /<! > = 300, assuming T= 0.2 keV.  To lower the 

detection limit, we need a microcalorimeter-based spectrometer.  So we also studied the capability of a future instrument like a cryogenic imaging spectrometer (CRIS) 

onboard XENIA, based on hydrodynamical simulations. Assuming a cosmology and metallicity that explains the dN/dz of OVI absorption, we demonstrated that this kind of 

detector will achieve dN/dz of OVII and OVIII > 1, that the 3D structure of the filament can be traced as an ensemble of blobs, and that the fraction of the detected mass 

reaches to ~1/3 of the WHIM.  We also showed that the temperature of the WHIM can be observationally estimated by 20% accuracy from OVIII/OVII intensity ratio.

Warm-Hot Intergalactic Medium (WHIM)
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Fig.1: mass fraction of 

baryonic components

  About a half of the cosmic baryons in the local Universe are not yet observed.  This so-called missing baryon problem is far 

from being solved for more than 10 years (Fukugita et al. 1998).  Cosmological numerical simulations suggest that the missing 

baryons are distributed in a network of filaments with T=105-107 K and ! /<! > = 10-1000 (see Fig.1 and Fig.2).  This form of 

baryons are called WHIM (warm-hot intergalactic medium).  Although lower-temperature WHIM is probed by UV spectroscopy, 

most of the WHIM still remains to be detected.  X-ray spectroscopy with large effective area and excellent energy resolution is 

essential to significantly improve our understanding of the WHIM.

  Although baryons provide small contribution to the cosmological mass-energy density, they are key players in forming stars 

and galaxies, and determining the evolution of the diffuse gas.  So, studying and understanding the properties of the WHIM is 

essential to understand the evolution of the Universe.
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IGM is included with an adjustable efficiency (in terms of rest-
mass energy of total formed stars) ofeGSW, which is normalized to
observations for our fiducial simulation witheGSW = 3 ; 10  6. If
the ejected mass and associated energy propagate into a vacuum,
the resulting velocity of the ejecta would be (eGSW/emass)

1/2c =
1470 km s  1. After the ejecta has accumulated an amount of
mass comparable to its initial mass, it may slow down to a few
hundred kilometers per second. We find that this velocity roughly
corresponds to the observed outflow velocities of Lyman break
galaxies (e.g., Pettini et al. 2002). We also perfomed a simulation
with no GSWs to investigate the effects of GSWs on the IGM. In
the ‘‘no GSW’’ run, we set eGSW = 0 but fixed all the parameters,
including emass = 0.25; in other words, ejected mass enriched
with metals from supernovae is deposited in the neighboring
cells as before, but the driving GSW is removed. Thus, all the un-
certainties concerning how much of the energy that is generated
by feedback can escape into the surrounding IGM is encapsulated
into one parameter, eGSW. We note that this has been a known
problem in cosmological simulations (more notably in smoothed
particle hydrodynamics simulations), where feedback energy
from star formation deposited in high-density regions is highly
effective in driving a blast wave, and often clever techniques are
designed to circumvent this problem, such as delayed cooling
(e.g., Brook et al. 2004). The primary difference between our
work and previous works is that we have a multiphase medium
by design, in the sense that we condense out star-forming gas
into ‘‘stellar particles’’ while leaving the underlying gas com-
ponent relatively diffuse. Our adopted method of distributing
feedback energy weighted by specific volume is able to account
for the fact that blast waves tend to preferentially propagate along
the lowest density gradients. As a result, we find that adequate
feedback energy on the IGM is obtained for reasonable choices of
parameters, which are ultimately normalized to match observa-
tions, producing a self-consistent picture.

The results reported here are based on new simulations of a
WMAP-normalized (Spergel et al. 2003; Tegmark et al. 2004)
cold darkmatter model with a cosmological constant,!m = 0.31,
!b = 0.048, !" = 0.69,  8 = 0.89, H0 = 100 h km s  1 Mpc  1 =
69 km s  1 Mpc  1, and n = 0.97. The adopted box size is
85 h  1 Mpc comoving and with a number of cells of 10243; the
cell size is 83 h  1 kpc comoving, with dark matter particle mass
equal to 3.9 ; 108 h  1 M  . Given a lower bound of the temper-
ature for almost all the gas in the simulation of T  104 K, the
Jeans mass is  1010 M  for mean-density gas, which is com-
fortably larger than our mass resolution.

3. RESULTS

As in CO99, in our analysis we divide the IGM into three
components by temperature: (1) T > 107 K (the normal X-rayY
emitting gas, predominantly in collapsed and virialized clusters of
galaxies); (2) 107 K > T > 105 K gas, which is defined as WHIM
and exists mainly in unvirialized regions; and (3)T <105 Kwarm
gas, which is mostly in low-density regions. A last component
is (4) the cold gas that has been condensed into stellar objects,
which we designate ‘‘galaxies’’ and which will contain stars and
cold gas. After reionization at z  6 (e.g., Gnedin & Ostriker
1997; Fan et al. 2002; Cen & McDonald 2002), driven by the
absorption of UV photons from the early generation of stars and
quasars, the photoionized IGM is left in the ‘‘warm’’ component
with T  104.0Y104.3 K. Then, as larger and larger scale struc-
ture forms, the breaking waves of wavelength kNL(t) cause gas
to shock-heat to temperatures kT(t)/  mp = A[kNL(t)H(t)]2, which
increases monotonically with time, whereH(t) is the Hubble con-
stant at time t. Details of this fit are provided in CO99 (A  3/16).
Thus, warm gas is increasingly shock-heated, removed from that
category, and added to the WHIM category, with the shocks for-
ming the observed filamentary network seen in Figure 2 below.
By redshift z  2, kNL has increased to the point at which, at the

F ig. 1.—Evolution of the four cosmic baryon components (see text for definitions) for the simulation with GSWs: (a) volume fractions of the four components and
(b) mass fractions. Examination of (b) shows that about half of all baryons at redshift zero are in theWHIM. Also included in (b) as filled triangles is the mass evolution
of the WHIM from the simulation with no GSWs. [See the electronic edition of the Journal for a color version of this figure.]

CEN & OSTRIKER562 Vol. 650

WHIM

Cen & Ostriker 2006

Search for the WHIM emission with Suzaku

Study of the WHIM with microcalorimter arrays
XENIA

(US, Europe, Japan)

• ! E: 2 eV

• Effective area: ~100 cm2

• N of pixels: 12 x 12 pixels

• FOV: 0.7 deg x 0.7 deg

• Launch date: ~2018

• ! E: 2.5 eV

• Effective area: ~1000 cm2

• N of pixels: 2000

• FOV:  0.9 deg x 0.9 deg

• Launch date: ~2016

DIOS (Japan)
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Figure 3: Left: Simulation of the 3D distribution of gas in of 4.2

o
 x 4.2

o
 field (~50 Mpc on a side) within 

a narrow redshift slice of 0.202<z<0.212[5].  Right: The white blobs show the gas detected through 

OVII and OVIII emission lines with significance > 3! each. This structure closely traces the high-density 

regions of the gas, with only a few spurious detections.  Middle: Overlay of the left and right panel.  

Table 2: Observing program for a 5-year mission 
CORE PROGRAM Fields ks/target Total [ks] 

GRBs 400 50 20,000 

Cluster Formation 
(10o x 10o) 

100 50 5,000 

Clusters (1Ms on 
source+1Ms bg) 

10 2000 20,000 

WHIM  4.5ox4.5o 25 1000 25,000 

Auxiliary Science   40,000 

Total (5 years)   110,000 

!

 
Figure 4: Emission spectrum of a 4 arcmin

2
 area 

(top), and absorption spectrum (bottom) of the same 

region of the sky, as measured by Xenia. In the top 

panel the emission of two red-shifted components is 

shown in black, while the emission of the Galactic 

foreground is shown in purple. In the bottom panel 

the spectrum of the same systems is shown, but now 

in absorption using a bright GRB as a beacon. [4] 
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Fig.3: clusters/superclusters observed with Suzaku

Map: Rosat all sky survey R45 band

  Recently thermal gas of T~1 keV is detected with XMM-Newton in the filament connecting A222 and A223 (Werner et al. 2008).  The temperature is similar to the expected value 

from simulations.  Possibly the temperature of the WHIM around clusters is too high for OVII and OVIII.  Nevertheless, imaging spectroscopy by CCDs are useful to constrain the 

densest part of the intergalactic medium by continuum emission.

  A microcalorimeter array, which has energy resolution of " E~ 1 eV, will bring us a 

breakthrough on the study of the WHIM.  Fig.5 shows an expected spectrum from 

2.6x2.6 arcmin2 area.  The emission from the WHIM can be easily distinguished 

from Galactic foreground emission by its redshift.  An array with large grasp (FOV x 

effective area) would be best for 3D mapping of the WHIM.  There are actually 

several proposed missions (see Fig.6).  XENIA also has fast-slew capability, so we 

can study the WHIM by absorption using GRBs (Branchini et al. 2009).

Fig.5: mock spectrum of the WHIM with a microcalorimter
Fig.6: future missions with a large FOV 

microcalorimter array

Black: Galactic + CXB
Red: extragalactic diffuse

OVII/OVIII at z=0.33
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•A microcalorimeter array and proposed missions

• Simulation and detectability
  We performed extensive study based on hydrodynamical 

simulations of Borgani et al. (2004) with GADGET-2. We 

assumed Z-#g relation for metallicity with scatter (Cen &Ostriker 

1999).  With this metallicity, the dN/dz relation of OVI absorbers 

is reproduced.  We assumed CIE for emission spectra.

  The number of expected emission lines per redshift above a 

detection threshold for a sight line (1.3x1.3 arcmin2) is shown in 

Fig.7.  We also show the results for the metallicity without scatter 

for comparison (red; this also reproduces OVI results).  We need 

detectability for <1 ph s-1 cm-2 sr-1 to probe the WHIM.  A XENIA-

like mission has sensitivity for 0.1 ph s-1 cm-2 sr-1 with 1 Ms 

exposure, assuming foreground and background of McCammon 

et al. (2002).  Then we expect dN/dz > 1 per single line of sight, 

for both OVII and OVIII.  By detecting the both lines, we can 

estimate the temperature using the line intensity ratio.

Fig.8 shows the comparison of gas distribution (left) and 

detected region (right).  The dense regions are well traced using 

both OVII and OVIII emission lines (3$ significance for each)

Fig.8: (left) simulated gas distribution of 4.2 x 4.2 deg2 (50 Mpc x 50 Mpc), and  !z = 0.01;

 (right) the gas detected through OVII and OVIII emission lines; (middle) overlay of the other two.

Fig.7: number of emission lines

per redshift above a threshold
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• Physical properties
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Fig.10: Gas temperature measured from OVIII/OVII 

ratio and the input temperature of the gas

Fig.9: (Left) "-T phase-space diagram of detected gas 

(averaged over 1.3x1.3 arcmin2 x 3 Mpc). (right) mass 

fraction of detected gas (red) and total gas (black)

• !" = 0.7

• !b = 0.04

• h = 0.7

• #8 = 0.8

• Box size = 192h-1 Mpc

• particles = 4803 + 4803

• Gravitatioal softning: 
$ = 7.5h-1 Mpc at z=0.

Fig.4: upper limits of O line intensities

from Suzaku
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  Fig.9 (left) shows the phase-space (! -T) diagram of the detected gas.  Note that !  

and T are the values averaged over an cube of 1.3x1.3 arcmin2 x 3 Mpc.  The 

temperature and density of the gas that is probed by emission is significantly higher 

than that probed by absorption (Branchini et al. 2009), which is naturally expected 

because emission intensity is proportional to ! 2, while absorption is to ! .  Fig.9 (right) 

indicates that almost 100% of the gas can be detected if the averaged density is 

above 10 x <! >.  By integrating the plot, we obtained that the mass fraction of the 

detected gas is ~1/3 of the total.

  Fig.10 compares the temperature measured with OVIII/OVII line intensity ratio with 

the averaged temperature of the gas particles.  The error bars (in Y-axis) show scatter 

among detected clouds.  There colors indicate different weighting ways in averaging 

the input temperature.  Although they have slightly different values, all of them are well 

correlated to measured temperature within ~20%.  This result demonstrates that we 

can investigate the thermal properties of the WHIM from observables, which is quite 

important to use the WHIM for understanding

the evolution of the Universe.

Expected results        Yoh Takei 
den 
H

erder 

1.5 m 

5.9 m 

DIOS 

den Herder 



DIOS: spacecras

14 

Mass total ~ 400 kg 

payload ~ 200 kg 

Size launch 1.2×1.45×1.4 
m 

in orbit 5.9×1.45×1.4 
m 

Avtude control 3‐axix 

accuracy ≦30 arcsec 

Power total 500 W 

payload 300 W 

14 

L‐ADR 

H, M‐ADR 

2‐stage S.rling cooler 

4He J‐T cooler 

20K 

4K 

0.4K 

<100mK  TES 

Radia.on 

225, 300 K 
> 1.1 m2 

no cryogen, mechanical 
cooling 

S.rling cooler  J‐T cooler 

Avtude turns in every orbit to 
avoid earth shining the radiator 



DIOS: microcalorimeter instrument

15 

Eff. Area  > 100 cm2 

F. o. v  50' diameter 

SΩ > 100 cm2deg2 

Angular resol.  3' (16 x 16 pix) 

Energy resol.  2 eV (FWHM) 

Energy range  0.3 – 1.5 keV 

Mission life  > 5 yr 



Hardware development in Japan

16 

2 cm 

256 pixel array of TES 
microcalorimeter, showing ΔE= 4.4 eV 
without X‐ray absorbers 
Frequency‐domain mul.plexing under 
development 

70 cm 

4‐reflec.on X‐ray telescope, with focal 
length 70 cm and ~100 cm effec.ve area 
including TES efficiency 
Energy range is up to 1.5 keV, and angular 
resolu.on is 3‐4 arcmin 

Poster by Y. Tawara 

TES 

60 cm 



DIOS: schedule
  JAXA started small scien.fic satellite program:  
  ~ 3 missions within 5 year .meframe 
  1st mission: Sprint‐1 (Exceed, Tops) in 2012 

  UV spectroscopy of planets in solar system 
  2nd mission: ERG in 2013‐2014 

  Shocks and par.cles in earth neighborhood 
  3rd mission: call for proposal in 2011, launch ~ 2016 

  Reasonably fits aser the ASTRO‐H launch (2014) 
 We plan to propose DIOS for the 3rd mission 
 All the resources developed for ASTRO‐H will be used 
  Interna.onal collabora.on will be essen.al 



IXO: Interna.onal 
X‐ray Observatory
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20 m  

 NASA + ESA + JAXA collabora.on 
 Aiming for launch in 2021 
  X‐ray telescope with ~ 3 m2 
effec.ve area 

 Microcalorimeters: 5’ fov with  
ΔE = 2‐10 eV 

 Gra.ng spectrometer: 
1000‐3000 cm2 with resolving 
power 3000 



IXO: gra.ng spectrometer
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  Big jump from Chandra and XMM‐Newton gra.ng 
spectrometers by factor of 10 in effec.ve area and 
15 .mes higher sensi.vity 

  Sensi.ve to Equivalent Width ≈ 2 meV 
  R = 3000 can resolve v = 100 km/s, such as 
structures of galac.c winds



IXO: absorp.on study
  Detec.on of OVII, OVIII absorp.ons: WHIM presence 

beyond any doubt 

  There are > 100 useful AGNs for absorp.on study 
  Predicted dN/dz of OVII, OVIII clouds (normalized with OVI 

results)  shows several absorp.on systems per AGN will be 
detected 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Expected absorp.on features
  AGN with FX = 5  10‐11 erg cm‐2 s‐1 (0.5 – 2 keV) will 

give enough signal for IXO 
  A total of 18 Msec observa.ons for ~ 30 AGN  

 100 absorp.on clouds
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600 ksec 

Bregman et al. IXO‐WP 



WHIM search using resonance 
scavng

  Churazov et al. 01, MN 323, 93 
  WHIM can be surrounding bright AGNs 
  Part of con.nuum X‐rays undergoes resonant 
scalering by WHIM gas 

  A few Mpc region around bright AGNs will shine 
in OVII and/or OVIII lines 

  Rough es.ma.on shows that an AGN with LX = 
1046 erg/s at z = 0.2 can produce about 100 OVII 
counts with IXO over ~ 5 arcmin region in 100 
ksec observa.on 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WHIM with resonance scalering
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O 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Churazov: High‐res X‐ray 
spectroscopy 2010 

 Part of AGN X‐rays will 
be resonantly scalered 
by OVII and OVIII ions in 
surrounding WHIM 

 This will produce 
oxygen‐line halos 
around AGNs 



Summary
  WHIM will give us unique informa.on about thermal and 

chemical evolu.on and galaxy forma.on in the universe 

  For WHIM emission, Suzaku gives a typical upper limit of 
ρ/<ρ> ~ 300 in cluster outskirts and in superclusters 

  Majority of WHIM s.ll awaits detec.on with improved X‐
ray and UV measurements  

  We try to propose DIOS to JAXA’s small satellite program 
for launch around 2016 

  Although IXO will be powerful in detec.ng WHIM, direct 
mapping of large‐scale WHIM distribu.on needs wide 
field high‐resolu.on spectroscopy
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